Extracellular stimuli promote, at the transcriptional level, expression of a variety of immediate-early-response genes (IEGs). Many IEGs encode transcription factors which, in turn, influence the expression of secondary response genes (52) . The products of secondary response genes contribute to the phenotypic response of the cell to extracellular stimuli. The prototypical IEG, c-fos (24) , is activated by a variety of stimuli including activators of protein kinase C (8, 19) , agents that increase intracellular cyclic AMP (cAMP) levels (3, 49) , membrane depolarization or excitatory neurotransmitters, such as glutamate, that trigger an increase in intracellular levels of Ca 2ϩ (1, 25, 38, 54) , and peptide growth factors, such as nerve growth factor (NGF), that activate receptor tyrosine kinases (20, 23) . In the upstream regulatory region of the c-fos gene, several cis-acting DNA sequences that mediate stimulus-dependent transcription of c-fos have been identified. These include at least three cAMP response elements (CREs) located 67, 293, and 343 nucleotides upstream of the transcriptional start site (3) and the serum response element (SRE) centered approximately 300 nucleotides upstream of the transcriptional start site (47, 59, 60) . Transcription factors of the basic leucine zipper (B-ZIP) family such as CREB (CRE-binding protein) can bind to CRE-like elements (37) . Likewise, the SRE can bind many factors (59) ; the best characterized is a ternary complex composed of a serum response factor (SRF) dimer and one p62 TCF (ternary complex factor) molecule (reviewed in references 9 and 58). In transient transfection experiments, CREB, SRF, and p62 TCF were found to be capable of mediating stimulus-dependent transcription of c-fos.
While the CREs within the promoters of c-fos and other IEGs are critical for stimulus-dependent transcription, it is unclear which trans-acting factors bind to these cis elements in vivo. The consensus CRE is 5Ј-TGAC:GTCA-3Ј, where the center of the dyad is marked by a colon. This DNA sequence may be bound by homodimer or heterodimer combinations of a variety of B-ZIP transcription factors including CREB homodimers (29) , CREB-ATF heterodimers (37) , and dimers consisting of other ATF family transcription factors (26) . In addition, structurally related cis elements consisting of the same dyad half site (XXX:GTCA) exist. A TPA response element (TRE), or AP-1 site, is similar in sequence to the CRE with one of the central GC pairs of the CRE deleted, resulting in a pseudopalindromic site (consensus: TGA:GTCA). The TRE is thought to be bound by a B-ZIP heterodimer consisting of a Fos family member and a Jun family member (39) .
Detailed experiments in vitro indicate that B-ZIP proteins are promiscuous in their DNA binding. For example, a Fra1-JunD heterodimer, a Jun-ATF-2 heterodimer, or a Jun-ATF-3 heterodimer can bind to a CRE better than to a TRE (27, 48) . ATF-4 can heterodimerize with either Fos or Jun, and this complex preferentially binds to a CRE (28) . A Jun-ATF-2 heterodimer has been reported to cooperate to form the enhanceosome on the human beta interferon gene (16, 57) . Moreover, CREB can inhibit Jun-mediated transcription by competing for the same cis-acting elements (35) , and c-Jun can repress gene expression by acting through a CRE (45) . These results underscore the complexity of cis elements and the B-ZIP factors that bind to them.
We have developed dominant-negative (D-N) inhibitor proteins, termed A-ZIPs, which act by inhibiting the DNA binding of a B-ZIP protein in a dimerization-dependent fashion (33, 43) . With these reagents in hand, we can establish in an intact cell or tissue the requirement for a particular B-ZIP transcription factor that acts via any cis element in response to extracellular stimuli to regulate gene expression. We have initiated the use of these A-ZIPs by examining the dimerization domains that are critical for mediating transcriptional activation, in response to several extracellular stimuli, of a minimal promoter with a single CRE and of the full-length native c-fos promoter. A-CREB, the D-N inhibitor of CREB used in this study, blocked transcription of a synthetic reporter gene containing a single CRE when activated by extracellular stimuli including forskolin, Ca 2ϩ influx following membrane depolarization, and NGF. When the native c-fos promoter was examined, it was found that A-CREB completely inhibited cAMPsensitive transcription but only partially inhibited Ca 2ϩ -and NGF-sensitive transcription. In contrast, A-CREB did not affect the induction of c-fos transcription by UV light. Moreover, A-CREB partially blocked NGF induction of morphological differentiation of PC12 cells. These results support the idea that CREB or its closely related family members play a general role in the regulation of IEG transcription in response to a wide variety of extracellular signals and that CREB-dependent gene expression contributes to the long-term actions of NGF.
MATERIALS AND METHODS
Proteins. The amino acid sequence of A-CREB is as follows: DYKDDDDK MASMTGGQQMGRDPDLEQQLEELAQENEELEKEAEELEQELAE LENRVAVLENQNKTLIEELKALKDLYCHKSD. The first 8 amino acids encode the FLAG epitope tag, the next 13 amino acids are a 10 protein sequence, the next 31 amino acids are the amphipathic acidic extension, and the final group of amino acids are the mouse CREB leucine zipper, which continues to the natural C terminus of the protein. The Leu residues of the leucine zipper domain are in boldface. The mouse CREB B-ZIP domain spans from Leu-274 to Asp-341, the natural C terminus. cDNAs encoding the different B-ZIP leucine zippers and a stop codon were generated by PCR and ligated to the C terminus of the acidic extension as XhoI-HindIII fragments in the prokaryotic expression vector pT5. The XhoI site is the Leu and Glu residues at the beginning of the leucine zipper. The recipient pT5 vector contained the 10 sequence and the acidic extension. The entire open reading frame can be removed as an NdeI-HindIII fragment.
Protein purification. Proteins for circular dichroism (CD) analysis and electrophoretic mobility shift assay (EMSA) were expressed in Escherichia coli. The proteins with DNA binding domains were purified over a heparin column and subsequently over a Rainin high-pressure liquid chromatography (HPLC) system, while the proteins without DNA binding domains were purified over a hydroxylapatite column and eluted with a buffer containing 200 mM phosphate, pH 7.4. The fractions enriched with the proteins were then purified on a Rainin HPLC system with a C 18 column and eluted with a gradient consisting of 0 to 100% acetonitrile in 0.1% trifluoroacetic acid. Protein concentrations were calculated at 230 nm as described previously (33) . The full-length CREB was expressed and purified from baculovirus (21) .
CD. All experiments were performed in 12.5 mM phosphate buffer (pH 7.4) containing 150 mM KCl, 0.25 mM EDTA, and 1 mM dithiothreitol. The concentration of each protein in the sample was 4 M. Melting temperature (T m ) values were calculated as described before (32) and converted into values of K d and ⌬G at 25 and 37°C [K d (25) , ⌬G (25) , K d (37) , and ⌬G(37)] by using a ⌬C p of Ϫ1.25 kcal ⅐ mol
Ϫ1°CϪ1
, which was calculated from a T m -versus-⌬H plot of the five samples used in this study. Thermal denaturation was reversible in all cases.
DNA binding assay. EMSA with recombinant proteins was performed as described previously (43) . EMSA with nuclear extracts from HEK293-T cells was performed with a different reaction buffer (150 mM KCl, 12.5 mM potassium phosphate buffer [pH 7.4], 0.25 mM EDTA, 1 mg of bovine serum albumin per ml, 50 mg of dIdC per ml, 10 mM dithiothreitol, 2% glycerol). The sequences of the double-stranded DNA probes are as follows, with the DNA binding sites in boldface: CRE probe, 5-GTCAGTCAGTGAC:GTCAATCGGTCA-3; AP-1 probe, 5-GTCAGTCAGTGA:CTCAATCGGTCA-3; C/EBP probe, 5-GTCAGT CAGATTGC:GCAATATCGGTCAG-3. The ␣-ATF-1, ␣-CREM, and ␣-CREB antibodies for supershift experiments were obtained from Santa Cruz Biotechnology.
Eukaryotic plasmids. The reporter constructs, which have been described previously, were pF4 and pAF42CRE (53) , pAF42SRE (47) , and pSV␣-1 (51). The plasmid constructs for the generation of the riboprobes used in RNase protection assays, which have also been described previously, were pSP6-cfos (60) and pSP6␣133 (10) . pEGFP was obtained from Clontech.
A-ZIP coding sequences (A-CREB, A-C/EBP, A-Fos, A-Jun, A-ATF-2) were inserted as NdeI-HindIII fragments into a pRc/CMV vector (Invitrogen) which was modified to contain an N-terminal FLAG epitope (DYKDDDDK) and a new polylinker (pRc/CMV500). The NdeI-HindIII fragments were obtained from prokaryotic expression vector pT5, in which the A-ZIPs had been cloned previously (see Proteins). The A-C/EBP, A-VBP, A-Jun, and A-ATF-2 constructs contain an Asn in position a, while the A-CREB and A-Fos constructs contained a Leu in the same position.
Cell culture. PC12 cells were grown on 100-mm-diameter tissue culture plates as described previously (6) . Primary cultures of cortical neurons were prepared from cortical tissue of E19 rats as described previously (20) .
Transient transfection. Approximately 6 ϫ 10 6 PC12 cells per 100-mm-diameter plate were used for transient transfection by a calcium phosphate precipitation technique (6) . Twenty micrograms of reporter plasmid, the indicated amounts of A-CREB plasmid or an empty vector (pRc/CMV500), or 3 g of acidic leucine zipper (A-ZIP) constructs and 4 g of the internal-control ␣-globin expression vector (pSV␣-1) were used. Primary rat cortical neurons were transfected by a modified calcium phosphate precipitation method as described previously (64) . A total of 14 ϫ 10 6 cortical neurons in 100-mm-diameter plates were transfected with 20 g of reporter plasmid, 4 g of pSV␣-1, and 5 g of A-CREB expression vector or empty vector. The expression of the transfected c-fos reporter gene was calculated as the ratio of the amount of protected 32 P-labeled c-fos transcripts to that of ␣-globin transcripts as quantified by a PhosphorImager.
For morphological differentiation studies, 2 ϫ 10 6 PC12 cells in 100-mmdiameter plates were transfected with 18 g of Rous sarcoma virus lacZ and the indicated amounts of A-CREB plasmid. One day after the transfection, cells were stimulated with NGF (100 ng/ml) in low-serum-level media (Dulbecco modified Eagle medium plus 1% horse serum; Gibco-BRL). After an additional 3 days, cells were fixed with 2% formaldehyde-0.2% glutaraldehyde in phosphate-buffered saline for 5 min and then stained with X-Gal (5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside) staining solution overnight at room temperature. A differentiated cell was defined as one in which the length of processes was 1.5 times the cell body diameter. Morphological differentiation was calculated as the ratio of the differentiation of transfected cells to that of untransfected cells in the same plate.
Approximately 4.5 ϫ 10 6 HEK293-T cells per 15-cm-diameter plate were transfected by the calcium phosphate precipitation method (4) . Ten micrograms of pEGFP and 10 g of either an empty vector or the A-CREB expression vector were used. Two days later, nuclear extracts were obtained as described previously (15) .
RPA. Two days after transfection, cells were either left unstimulated or were stimulated with NGF (100 or 200 ng/ml, 45 min), forskolin (10 M, 1 h), KCl (50 mM, 45 min), glutamate (10 M, 1 h), or UV light (400 J/m 2 , 45 min). Transfected cells were harvested, and RNA was isolated by the guanidinium isothiocyanate method (11) . Thirty micrograms of RNA was used for the analysis by RNase protection assay (RPA) as described previously (51, 53) . Quantification was done by PhosphorImager. Fold induction is the ratio of stimulated to unstimulated values which were calculated by dividing the signal of c-fos H by that of globin.
RESULTS
Design of A-CREB, a D-N inhibitor of CREB. Previously, we developed D-N inhibitors that selectively inhibit the DNA binding activity of B-ZIP proteins C/EBP (33) and AP-1 (43) in equimolar competition assays. These D-N inhibitors, which we refer to as A-ZIPs, consist of an acidic amphipathic protein sequence that replaces the natural basic region fused to the N terminus of the dimerization domain (the leucine zipper). The rationale is that the acidic extension electrostatically mimics DNA and provides the B-ZIP basic region with an alternative interaction surface. We have demonstrated that the acidic amphipathic protein sequence forms a coiled-coil structure with the basic region of the endogenous B-ZIP protein and stabi-lizes the heterodimeric complex by 2.5 to 5.0 kcal/mol. This prevents the basic region of the endogenous B-ZIP protein from binding to DNA in a dimerization-dependent fashion.
We used this strategy to construct a D-N inhibitor of CREB, termed A-CREB, by replacing the CREB basic region with an acidic amphipathic protein sequence. Figure 1 depicts the protein sequence of the CREB basic region, which is critical for sequence-specific DNA binding, and the designed amphipathic acidic residues that interact with the CREB basic region to form a coiled-coil structure. The basic regions of B-ZIP proteins are highly conserved (61) , suggesting that the acidic extension may interact similarly with all B-ZIP basic regions (33) . We have designed two acidic amphipathic extensions, differing by a single amino acid, that preferentially interact with different B-ZIP basic regions. The difference between these two acidic extensions is in the first a position N terminal of the first d position of the leucine zipper. The B-ZIP basic regions contain either a polar amino acid (e.g., C/EBP, VBP, and GBF1 contain Asn, Glu, and Cys, respectively) or a hydrophobic amino acid (Jun and CREB contain Ile and Val, respectively) at position a ( Fig. 1 ). We have shown that an Asn in position a of the acidic extension can interact well with polar amino acids in the basic region (33) . This type of interaction between polar amino acids is seen in the GCN4 leucine zipper, which contains an Asn in position a (44) . To produce an interaction with the hydrophobic amino acids in positions a in CREB and Jun, we have placed a Leu in position a to create an acidic extension that will interact with B-ZIP basic regions containing hydrophobic amino acids in the corresponding a positions (Fig.  1) .
A-CREB heterodimerizes selectively with CREB. The ␣-helical content and thermal stability of the CREB B-ZIP domain and A-CREB, either alone or together, were measured by CD spectroscopy ( Fig. 2A, Table 1 ) in which the amplitude of ellipticity at 222 nm is an indicator of ␣-helical structure. The CREB B-ZIP domain clearly showed a two-state thermal denaturation; it was more ␣-helical at low temperatures and had a T m of 47°C, representing a K d (37) of 1.3 ϫ 10 Ϫ7 M. Although A-CREB had a 50% greater ellipticity at 6°C, suggesting that the acidic extension was ␣-helical, A-CREB was less stable, as indicated by a T m of 40°C or a K d (37) of 2.3 ϫ 10 Ϫ6 M. The mixture of CREB and A-CREB also showed a two-state thermal transition and was more stable than a CREB homodimer, as shown by a T m of 70°C or a K d (37) of 3.9 ϫ 10 Ϫ11 M ( Fig.  2A ). This demonstrates that CREB and A-CREB formed a very stable heterodimer that was 3,300-fold more stable than a CREB B-ZIP homodimer. The mixture of CREB and 4H-CREB, which contains an Asn instead of Leu in position a ( Fig. 1) , is 4.5 kcal/mol less stable than the CREB-A-CREB mixture, demonstrating the importance of the Leu in the acidic extension for the heterodimerization with CREB. The mixture of CREB and A-CREB had more ellipticity at 6°C than was expected from the simple sum of the two homodimer samples, indicating that additional ␣-helical structure was formed in the heterodimer. We interpret this as a continuation of the "zippering" of the leucine zipper into the basic region to form a coiled-coil structure as represented in Fig. 2C .
Next, the interaction between A-CREB and other B-ZIP domains was examined to address the specificity of the interaction between CREB and A-CREB. The B-ZIP domains of Vitellogenin binding protein (VBP) (31), the chicken homolog of mammalian TEF (18), and A-CREB were thermally denatured, either alone or together (Fig. 2B ). VBP had a T m of 50°C, and the mixture of VBP and A-CREB did not show an increase in T m . The observed ellipticity value of the mixture at low temperatures was similar to the expected value assuming they do not interact, which indicates that a new ␣-helical structure was not produced. VBP and A-CREB presumably do not interact, which suggests that the acidic amphipathic extension is able to interact with the basic region and increase thermal stability only if the leucine zippers themselves can physically interact.
A-CREB inhibits CREB DNA binding activity. EMSAs were performed to determine whether A-CREB could inhibit the ability of the CREB B-ZIP domain to bind to its cognate DNA binding motif, the CRE. A CREB B-ZIP homodimer retarded the mobility of the radiolabeled double-stranded 25-bp oligonucleotide probe containing a single consensus CRE (Fig. 3A , lane 2), and an equimolar concentration of A-CREB (lane 3) effectively inhibited binding of the CREB B-ZIP domain to the CRE-containing oligonucleotide. In contrast, neither A-VBP (lane 4) nor A-Fos (lane 5), which contained leucine zipper domains derived from VBP or Fos, respectively, was able to modulate the DNA binding activity of CREB. These results demonstrate that A-CREB, but not A-VBP or A-Fos, prevents CREB from binding to the CRE.
The ability of A-CREB to specifically inhibit DNA binding of full-length CREB was also examined (Fig. 3B) . The fulllength CREB protein of 342 amino acids was produced in baculovirus and showed CRE-specific DNA binding. Five different concentrations of A-CREB, at half-log-unit concentration intervals, were used to compete the binding of CREB (2 ϫ 10 Ϫ7 M) to the CRE probe. A-CREB, at a concentration of 10 Ϫ7 M (lane 6), effectively blocked CREB from binding to the CRE. The ability of A-CREB to completely inhibit CREB DNA binding at a molar ratio of 1:2 suggests that only 50% of the baculovirus-expressed CREB protein was able to bind DNA. A-Fos, A-C/EBP, and A-VBP proteins, which did inhibit the DNA binding of their respective B-ZIP dimerization partners, did not inhibit CREB DNA binding even at a 30-fold molar excess (Fig. 3D and data not shown) .
We further addressed the specificity of A-CREB inhibition of CREB DNA binding activity by determining whether A-CREB could nonspecifically inhibit DNA binding of the AP-1 complex, which is a heterodimer of Fos and Jun (Fig. 3C ). (Fig. 3D, lanes 3 to 5) , while A-CREB did not inhibit the DNA binding activity of C/EBP (lanes 6 to 8). These results suggest that A-CREB selectively inhibited the DNA binding activity of B-ZIP proteins containing the CREB leucine zipper domain. Together, these data demonstrate a remarkable degree of specificity of the A-ZIP D-N molecules via their respective leucine zipper domains.
A-CREB inhibits the DNA binding activity of CREB in extracts of transfected cells. To further demonstrate that A-CREB inhibits the DNA binding activity of nuclear CREB in intact cells, nuclear extracts prepared from HEK293-T cells that were transfected with either an empty vector or an A-CREB expression vector were used for EMSA (Fig. 4) . Cotransfection of HEK293-T cells with pEGFP allowed us to estimate a transfection efficiency of 60% by fluorescence microscopy. When the probe containing a consensus CRE was used for EMSA, three bands were observed with the nuclear extracts from the empty-vector-transfected cells (lane 1), while only the upper band was observed with nuclear extracts from A-CREB-expressing cells (lane 2). The disappearance of the two lower bands indicates that A-CREB heterodimerized with CREB-like leucine zipper proteins in the nuclear extracts and prevented them from binding to the CRE probe.
The identities of protein-DNA complexes in the two lower bands were determined by supershift experiments using antibodies against CREB, ATF-1, and CREM. The middle band was supershifted by the ␣-CREB antibody (lane 3), while the lower band was supershifted by the ␣-ATF-1 antibody (lane 7). An antibody against CREM was without effect, suggesting that CREM was not a component of any of the CRE-protein complexes (lane 5). The identity of the protein(s) that resulted in the upper band was not determined, and the protein is thought to be a factor without a CREB-like leucine zipper domain. In the presence of A-CREB, no supershift was observed with any of the antibodies (lanes 4, 6, and 8), indicating that CREB-like proteins did not bind to CRE-containing probes in extracts of A-CREB-transfected cells. In contrast, C/EBP DNA binding activities present in cell extracts prepared from vector-and A-CREB-transfected cells were the same (lanes 9 and 10) .
A-CREB inhibits cAMP-dependent, CRE-mediated transcription. Since CREB and A-CREB heterodimerize with an affinity 3.3 orders of magnitude greater than that of CREB homodimers ( Fig. 2A) and since A-CREB effectively and selectively inhibits CREB DNA binding activity in vitro (Fig. 3 ) and in vivo (Fig. 4) , we next asked whether A-CREB can potently and specifically block CRE-mediated transcription when expressed in intact cells. For these experiments, the ability of A-CREB to influence the expression of a transiently transfected reporter gene, termed pAF42CRE, which contains a single consensus CRE upstream of the transcribed region of the human c-fos gene, was determined (Fig. 5A) . The pAF42CRE reporter gene was cotransfected into pheochromocytoma PC12 cells along with expression vectors encoding A-CREB and ␣-globin (pSV␣-1). The expression of ␣-globin served as an internal control of transfection efficiency since it is constitutively transcribed regardless of PC12 cell treatment (Fig. 5) . Transcription of the reporter genes was assessed by an RPA. The protected RNA product of the pAF42CRE reporter gene, c-fos H (296 nucleotides), is larger than the protected RNA product of the endogenous rat c-fos gene (65 nucleotides), which allowed us to distinguish between them when they were resolved on denaturing gels. The presence of endogenous cAMP-dependent transcription of pAF42CRE induced by forskolin was blocked by A-CREB in a dose-dependent manner; transfection of 3 g of A-CREB plasmid per 6 ϫ 10 6 cells completely inhibited cAMP induction of c-fos H transcription (Fig. 5 ). This result demonstrates that A-CREB potently blocks CRE-mediated gene transcription. Three micrograms of A-CREB plasmid was used for all subsequent transfection experiments.
A-CREB inhibition of CRE-mediated transcription is leucine zipper dependent. In vitro, A-CREB abolished the DNA binding activity of CREB, but not that of other B-ZIP proteins (Fig. 3) . In order to establish the specificity of A-CREB for inhibition of CREB DNA binding and transactivation in intact cells, the ability of other acidic leucine zippers (A-ZIPs) to influence CRE-mediated transcription was assessed (Fig. 6) . The A-ZIP proteins have leucine zipper dimerization domains derived from different B-ZIP proteins (C/EBP, Fos, Jun, ATF-2, and VBP). Three-microgram amounts of the eukaryotic expression vectors encoding different A-ZIPs were transfected into PC12 cells, and cAMP-sensitive transcription of pAF42CRE was assessed by RPA. As before, A-CREB completely blocked cAMP-sensitive expression of the reporter gene. In contrast, A-C/EBP, A-Fos, A-Jun, A-ATF-2, and A-VBP had no inhibitory effect. Yet these inhibitors were expressed (data not shown), and these A-ZIPs blocked the DNA binding activities of the partners of their respective B-ZIP domains (Fig. 3 and data not shown) (43) . These results demonstrate that A-CREB inhibition of cAMP-sensitive gene expression was via the inhibition of the DNA binding activity of CREB and not via the inhibition of any dimerization partner of the other tested B-ZIP proteins.
To examine the cis element dependence of A-CREB inhibition of CRE-mediated transcription, we employed an alternative reporter gene in which the single CRE was replaced with a single copy of the SRE (pAF42SRE) (Fig. 7) . Previous studies have shown that the SRE can mediate growth factor induction of c-fos transcription (47, 60) . However, A-CREB did not block NGF induction of transcription of pAF42SRE (Fig. 6) . Taken together, these results demonstrate that A-CREB is a specific inhibitor of CREB-mediated gene transcription.
CREB mediates CRE-dependent transcriptional activation of c-fos in response to three distinct extracellular stimuli. After it was established that A-CREB specifically and potently inhibits CREB function, the potential role of CREB in mediating the expression of pAF42CRE evoked by multiple distinct extracellular stimuli was analyzed. For these experiments, PC12 cells were cotransfected with pAF42CRE, pSV␣-1, and an expression vector encoding A-CREB. Subsequently, cells were exposed to NGF, forskolin, or KCl, and the expression of the pAF42CRE reporter gene was assessed by RPA (Fig. 8) . As seen previously, forskolin and KCl, which increase intracellular levels of cAMP and Ca 2ϩ , respectively, were effective in triggering expression of pAF42CRE (lanes 3 and 4), while NGF only weakly induced expression of pAF42CRE (lane 2) (6). Nevertheless, A-CREB completely blocked expression of the reporter gene in response to all three stimuli (lanes 6 to 8). While these results implicate CREB in CRE-mediated transcription, they were obtained with a reporter gene containing a perfect consensus CRE (TGAC:GTCA), whereas the CREs within the upstream regulatory region of c-fos are imperfect, nonpalindromic CRE-like elements. Identical results were obtained with a reporter gene that contained the Ϫ67 human c-fos CRE (TGAC:GTTT) placed in front of a c-fos minimal promoter (data not shown). These results demonstrate that CREB is essential for CRE-mediated transcription of c-fos in PC12 cells.
CREB is critical for c-fos expression in response to many, but not all, extracellular stimuli. While CREB is critical for stimulus-dependent transcription via the CRE, the full upstream regulatory region of the c-fos gene contains binding sites for CREB-ATFs, C/EBP, AP-1, SRF, p62 TCF , STATs, and other stimulus-sensitive transcription factors (reviewed in reference 17). Therefore, we sought to determine the contribution of CREB to stimulus-dependent transcription of the intact, full-length c-fos gene. For these experiments, we employed a reporter gene, pF4, which contains 750 bp of the human c-fos promoter with all cis elements known to be important for inducible transcription of c-fos (Fig. 9A) . A-CREB completely inhibited cAMP-sensitive expression of pF4 (Fig.  9B, lane 8) . However, CREB is only partly responsible for Ca 2ϩ and NGF induction of c-fos in PC12 cells. Upon its expression in PC12 cells, A-CREB inhibited Ca 2ϩ and NGF induction of transcription of pF4 by 50 to 75% (lanes 7 and 9, respectively). In contrast, c-fos expression induced by UV light, which acts via the stress pathway through stress-induced mitogen-activated protein kinases (SAPK/JNKs and p38 MAPK ) and involves SRE-p62 TCF -dependent transcription (46), was not inhibited by A-CREB (lane 10).
Another extracellular stimulus, glutamate, induces Ca 2ϩ -dependent activation of c-fos expression in hippocampal and cortical neurons (1) . Dissociated cultures of E19 rat cortical neurons were transfected with the pF4 reporter gene, the A-CREB expression vector, and pSV␣-1. A-CREB, but not the control vector, completely blocked glutamate-induced c-fos transcription (Fig. 9C ). These results demonstrate that CREB is critical for the activation of transcription of c-fos in response to many, but not all, stimuli and that the contribution of CREB to c-fos transcription depends on the nature of the extracellular stimulus.
Several studies have suggested that additional B-ZIP family members, including C/EBP (36, 50) , may contribute to c-fos expression. Therefore, we next sought to determine the involvement of other B-ZIPs by transiently transfecting different A-ZIP expression vectors into PC12 cells and subsequently assessing the expression of the pF4 reporter gene after NGF treatment (Fig. 10) . As seen previously, A-CREB attenuated NGF induction of the pF4 reporter gene. In contrast, A-C/ EBP, A-Fos, A-Jun, A-ATF-2, and A-VBP had no effect on NGF-sensitive c-fos expression. Therefore, CREB is the only B-ZIP transcription factor thus far tested that contributes to NGF induction of c-fos expression.
CREB is required for NGF induction of the morphological differentiation of PC12 cells. Since CREB contributes to NGF-induced transcription of c-fos and since many other NGF-induced genes contain putative CREB binding sites, we investigated the role of CREB in NGF induction of the morphological differentiation of PC12 cells (Fig. 11) . For these experiments, PC12 cells were cotransfected with a ␤-galactosidase-containing reporter gene and either a control expression vector or an expression vector encoding A-CREB. Cells were subsequently grown in the presence or absence of NGF. Three days after NGF treatment, cells were fixed and stained for ␤-galactosidase activity to identify transfected cells, and cells with processes greater than 1.5 times the cell body diameter were scored as differentiated cells. The extent of morphological differentiation of untransfected cells from the same plate served as an internal control. Results shown in Fig. 11A . PC12 cells were transfected with the pAF42CRE reporter gene, an ␣-globin expression vector, and either an empty vector or the A-CREB expression vector (3 g). Two days later, cells were either left unstimulated (lanes 1 and 5) or were stimulated with NGF (100 ng/ml, 45 min; lanes 2 and 6) or forskolin (FSK) (10 M, 1 h; lanes 3 and 7) or were subjected to membrane depolarization with KCl (50 mM, 1 h; lanes 4 and 8) and an RPA was performed. A-CREB blocked NGF, forskolin, and KCl induction of pAF42CRE by 95, 100, and 98%, respectively. The quantification was done as described in Materials and Methods. This experiment was performed two times with similar results.
onstrate that A-CREB, but not an empty vector, attenuated NGF-mediated morphological differentiation of PC12 cells. Moreover, this effect was dose dependent (Fig. 11B) . In fact, the 50% inhibitory concentrations for A-CREB inhibition of differentiation and for inhibition of CRE-mediated gene transcription were identical (approximately 0.2 g of A-CREB expression vector), suggesting that A-CREB blocked differentiation via inhibition of CREB-dependent gene transcription and not via some other nonspecific effect. Therefore, in addition to its role in NGF induction of c-fos expression, CREB contributes to NGF induction of the morphological differentiation of PC12 cells.
DISCUSSION
In many cases, the identities of the DNA sequences that are critical for the function of a promoter have been determined by a combination of cis element mutagenesis and the expression of D-N inhibitors of transcription factors that bind to these cis elements. Many D-N inhibitors are created by a simple deletion or point mutation of the transactivation domain; they function by binding to a cis element, thereby occluding the binding of endogenous trans-acting factors. This approach is valuable for the identification of a particular cis element that is critical for gene expression. However, this combination of methodologies reveals nothing about the oligomerization properties of the actual transcription factors that mediate transactivation events in vivo. The fact that multiple proteins can bind to identical cis elements makes it difficult to identify the protein(s) which mediates stimulus-dependent transcription in vivo by these approaches. We have developed and characterized D-N inhibitors that act via a novel mechanism; they inhibit the activity of a transcription factor, not by occluding the DNA cis element itself, but by heterodimerizing with endogenous transcription factors, preventing them from binding to their cognate DNA elements. These D-N inhibitors allow us to identify the B-ZIP transcription factors that are critical for influencing transcription via a particular cis element.
In the present study, we have shown that A-CREB, a novel D-N inhibitor of the B-ZIP family member CREB, potently and selectively inhibits DNA binding of CREB and CREBmediated gene transcription. Using this reagent, we show that CREB or its closely related family members are critical for cAMP, Ca 2ϩ , and NGF induction of transcription of a synthetic reporter gene containing a single consensus canonical CRE (5Ј-TGAC:GTCA-3Ј). Moreover, our results demonstrate that CREB contributes to the activation of the native c-fos gene promoter in response to many, but not all, extracellular stimuli.
Another established approach to assess the function of a particular gene is to use mice with deletions or mutations in that gene. Targeted disruption of the CREB gene has been performed, and CREB hypomorphs exist; these mice express a CREB protein that is competent to promote transcription (5, 30) . Moreover, in these mice, there are elevated levels of expression of other members of the CREB/ATF family, ATF-1 and CREM (CRE modulator), and these transcription factors may compensate for CREB deficiency (30) . However, a requirement for CREB in stimulus-dependent gene transcription has not been demonstrated in cells from mice with a targeted CREB mutation. Other attempts to perturb CREB function include the use of an antisense oligonucleotide for CREB (40) , a CREB protein with a mutation in the basic DNA binding domain (63) , and a CREB protein with a mutation at Ser-133 (2, 56) . We propose that A-CREB is a potent and specific tool that will be generally useful to block CREB-dependent transcription.
The present study describes a useful alternative approach to gene targeting to assess the roles of B-ZIP transcription factors in stimulus-dependent gene expression. Since the CREB leucine zipper domain has a high degree of homology with those of ATF-1 and CREM and since these proteins can form heterodimers with each other (26), we expect that A-CREB has the capacity to dimerize with endogenous ATF-1 and CREM, thereby blocking their ability to bind to DNA. Therefore, our approach most likely does not distinguish between the role of CREB and that of highly related ATF-1 and CREM-as positive mediators of stimulus-dependent transcription. The gel shift results shown in Fig. 4 underscore this point. However, our results demonstrate that CREB or one of these very closely related family members mediate stimulus-dependent transcription of c-fos. A similar conclusion, however, may not be drawn from model systems in which upregulation of other ATF/ CREB family members may compensate for CREB deficiency.
In addition to providing insight into CRE-mediated transcription, the B-ZIP D-N inhibitors described in this study have allowed us to distinguish between the importance of different B-ZIP transcription factors in the context of a promoter consisting of multiple distinct cis-acting elements. Several B-ZIP-containing transcription factors have been implicated in the regulation of the expression of c-fos and other IEGs. For example, it has been reported that C/EBP␤ contributes to cAMP-dependent activation of c-fos transcription by directly binding to an element within the 3Ј end of the SRE (36). Moreover, Sealy et al. reported that C/EBP␤ may contribute to the serum activation of c-fos through the SRE (50) . Our data do not support a role for C/EBP in cAMP or NGF induction of c-fos expression in PC12 cells ( Fig. 6 and 10) . While it is possible that B-ZIP transcription factors not tested in the present study contribute to c-fos transcription, our results demonstrate that CREB plays a major role in the stimulus-dependent transcription of c-fos.
In addition to its role in cAMP regulation of gene expression, CREB also contributes to Ca 2ϩ -induced gene expression. In the nervous system, the excitatory neurotransmitter glutamate modulates the postsynaptic intracellular level of calcium through the ionotropic glutamate receptor, the NMDA (Nmethyl D-aspartate) receptor. Ca 2ϩ influx via the NMDA receptor triggers the phosphorylation of CREB on Ser-133 (14, 21) and promotes the transcription of IEGs that contain potential CREB binding sites, including c-fos (1) . Furthermore, the expression of IEGs may be critical for long-term neuronal responses such as the expression of the late phase of long-term potentiation and long-term depression (13, 34, 42, 55) . Thus, glutamate-and Ca 2ϩ -sensitive genes may be critical substrates for complex neurobiological phenomena including learning and memory. Despite the observations that glutamatergic stimuli that induce neuronal adaptive responses also trigger the phosphorylation of CREB on Ser-133 and that the CREB hypomorph displays a disrupted late phase of long-term potentiation and impaired spatial learning and memory (7), a requirement for CREB during trans-synaptic activation of gene expression in vivo has not been demonstrated. Our results in the present study clearly show that CREB or a closely related family member is indeed required for glutamate-sensitive c-fos expression in cortical neurons. A-CREB may be useful in future studies to determine the role of CREB in trans-synaptic activation of gene expression and activity-dependent adaptive responses in vivo.
Our data also support a central role for CREB in growth factor-dependent gene expression. Like agents that increase intracellular levels of cAMP and Ca 2ϩ , NGF induces robust phosphorylation of CREB on its transcriptional regulatory site, Ser-133 (20) . In addition, many NGF-sensitive genes contain putative CREs in their upstream regulatory regions; these include IEGs as well as late-response genes such as those encoding vgf, tyrosine hydroxylase, neurotensin, and CGRP (calcitonin gene-related peptide) (6, 62) . Lastly, A-CREB inhibits NGF induction of c-fos. Although the specific genes responsible for NGF induction of the biochemical and morphological differentiation of PC12 cells are not well characterized, CREBdependent gene expression contributes to this process since A-CREB was effective at inhibiting NGF induction of morpho- FIG. 11 . CREB contributes to NGF induction of morphological differentiation in PC12 cells. (A) PC12 cells were transfected with a ␤-galactosidase (␤-Gal) plasmid and either an empty expression vector or the A-CREB expression vector. Then, cells were stimulated with NGF (100 ng/ml). After 3 days, cells were fixed and stained for ␤-Gal activity and the morphological differentiation of transfected cells was calculated as described in the Materials and Methods (the results shown are means Ϯ the standard errors of the means; n ϭ 8). (B) A-CREB inhibition of morphological differentiation is dose dependent, and the 50% inhibitory concentration is equivalent to that seen for A-CREB inhibition of CRE-mediated transcription (quantification of the results shown in Fig. 5B ). logical differentiation. However, a maximum dose of A-CREB only partially blocked NGF induction of morphological differentiation. This result suggests that there are CREB-dependent and CREB-independent mechanisms responsible for NGFmediated differentiation. Likewise, our data demonstrate that CREB-dependent and CREB-independent signaling pathways contribute to NGF induction of c-fos expression.
The signal transduction pathways that influence CREB-mediated gene activation in response to extracellular stimuli have been extensively characterized. Several types of stimuli, including growth factors that activate receptor tyrosine kinases and agents that increase intracellular levels of cAMP and Ca 2ϩ , induce phosphorylation of CREB on its transcriptional regulatory site, Ser-133 (20) (21) (22) 53) . This phosphorylation event is critical for stimulus-dependent, CREB-mediated transcription. Phosphorylation of this residue promotes the association of CREB with coactivator protein CBP (CREB-binding protein) or p300 (12) . Interestingly, although NGF and agents that trigger an increase in intracellular levels of cAMP or Ca 2ϩ induce the phosphorylation of CREB Ser-133 to a similar extent, these stimuli influence the transcription of genes containing CREs in distinct ways. For example, agents that increase intracellular levels of cAMP or Ca 2ϩ effectively stimulate the transcription of pAF42CRE, a reporter gene that contains only a single CRE in its upstream regulatory region (Fig. 8) , while NGF is ineffective in stimulating transcription of pAF42CRE (Fig. 8) . Rather, NGF induction of the transcription of c-fos requires the CREs as well as other elements including the SRE (Fig. 7 and 9 ) (6). Likewise, GAL4CREB can confer cAMP and Ca 2ϩ , but not NGF, activation of a reporter gene containing GAL4 binding sites (6) . Thus, the phosphorylation of CREB on Ser-133 alone is not sufficient to promote the transcription of genes containing CREs. One possible explanation for these observations is that, depending on the nature of the stimulus, distinct B-ZIP transcription factors are responsible for the activation of c-fos transcription. Our results presented in this study do not support this possibility. Rather, our data support the idea that CREB is the B-ZIP transcription factor responsible for cAMP as well as NGF induction of c-fos expression. The mechanism by which cAMP, Ca 2ϩ , and NGF influence CREB-mediated transcription in distinct ways remains to be determined. One possibility is that CBP or proteins that associate with CBP are differentially regulated depending on the nature of the stimulus, as suggested by Nakajima et al. (41) .
Taken together with results of previous studies, our data demonstrate that CREB is a general mediator of stimulus-dependent gene transcription. First, many distinct extracellular stimuli that employ different signal transduction pathways trigger the phosphorylation of CREB on its transcriptional regulatory site, Ser-133. Second, many IEGs and delayed response genes that are sensitive to these extracellular stimuli contain CREs or CRE-like elements in their upstream regulatory regions. Third, the present study demonstrates that A-CREB, a potent inhibitor of the DNA binding activity of CREB, inhibits cAMP, Ca 2ϩ , and NGF induction of the transcription of the prototypical IEG, c-fos. Therefore, CREB and/or its closely related family members are important for stimulus-dependent gene expression and are likely to be critical mediators of the long-term changes that underlie the growth, differentiation, and adaptive responses of various cell types.
